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The  changes  in  the  properties  of  lithium-sulphur  cell  components  (electrolyte,  sulphur  and  lithium  elec¬ 
trodes)  during  cycling  are  studied  by  AC  impedance  spectroscopy.  It  is  shown  that  during  the  charge  and 
discharge  of  lithium-sulphur  cells  the  conductivity  of  the  electrolyte  is  changed.  We  believe  that  the 
observed  changes  in  the  electrolyte  conductivity  can  be  explained  by  the  formation  of  soluble  lithium 
polysulphides  by  electrochemical  reactions.  The  properties  of  the  electrolyte  significantly  influence 
the  rate  of  the  electrochemical  processes  which  occur  both  on  the  sulphur  and  lithium  electrodes  in 
lithium-sulphur  cells. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lithium-sulphur  electrochemical  system  has  a  number  of 
advantages  over  lithium-ion  batteries.  These  advantages  include 
high  energy  density,  low  cost  and  the  availability  of  electrode  mate¬ 
rials.  However,  so  far  lithium-sulphur  batteries  have  not  found  any 
commercial  application  because  of  a  series  of  unsolved  problems. 
A  significant  problem  has  been  rapid  capacity  fade  during  cycling 
[1-4]. 

The  properties  of  the  lithium-sulphur  battery  are  determined  by 
specific  electrochemical,  physicochemical  and  chemical  processes 
which  occur  in  lithium-sulphur  cells  during  discharge  and  charge. 
Lithium  polysulphides  (Li2Sn),  generated  during  the  electrochem¬ 
ical  discharge  (1)  and  charge  (2),  readily  dissolve  in  most  aprotic 
solvents. 

Discharge:  nS°  +  2Li+  +  2e- -*  Li2Sn  (1) 

Charge:  nLi2S  -*  Li2Sn  +(2n - 2)e-  +  (2n - 2)Li+  (2) 

Dissolved  lithium  polysulphides  produce  changes  in  the  physic¬ 
ochemical  properties  of  electrolyte;  decreasing  conductivity  and 
increasing  viscosity  [5,6].  Changes  to  the  properties  of  electrolytes 
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can  considerably  influence  the  electrochemical  processes  which 
occur  in  lithium-sulphur  cells  during  cycling. 

The  current  work  explores  the  influence  of  lithium  polysul¬ 
phides  on  the  AC  impedance  diagrams  of  the  lithium-sulphur  cells 
as  a  function  of  the  state  of  charge. 


2.  Experimental 

The  sulphur  electrodes  consisted  of  70wt.%  sublimed  sulphur 
(99.5%,  Acros  organics),  10wt.%  Ketjenblack  EC-600  JD  (surface 
area  ^  1400  m2  g-1  (BET),  Akzo  Nobel  Polymer  Chemicals  LLC),  and 
20wt.%  poly( ethylene  oxide)  (PEO,  Mw  4xl06,  Sigma-Aldrich). 
Sulphur,  Ketjenblack  EC-600  JD  powder  and  PEO  were  mixed  in 
a  grinding  mill  (Homogenising  system  MICROTRON  MB  550  Kine- 
matica  ID)  for  60  s  at  high  speed,  this  procedure  was  carried  out 
10  times.  The  acetonitrile  (99.8%,  anhydrous,  Aldrich)  was  poured 
into  the  mixed  powder  of  sulphur,  Ketjenblack  EC-600  JD  and  PEO 
and  then  stirred  for  48  h  to  make  a  homogenous  slurry.  The  slurry 
was  coated  on  to  carbon-coated  A1  foil  and  dried  in  the  air  at  50  °C 
for  2  h.  The  resulting  electrode  film  was  pressed  with  a  twin  roller, 
cut  into  a  disc  and  dried  under  vacuum  at  60  °C  for  24  h.  The  total 
thickness  of  electrode  layer  was  approximately  20  pim,  the  loading 
level  of  sulphur  corresponded  to  2  mAh  cm-2. 

Lithium  metal  foil  (98+  wt.%,  FMC  Corp.,  USA)  with  the  thickness 
of  78  ±  1  |jim  and  70  ±  1  pirn  was  used  as  the  auxiliary  and  refer¬ 
ence  electrodes,  respectively.  1  M  LiC104  (99.99%,  battery  grade, 
Sigma-Aldrich)  in  sulfolane  (anhydrous,  Degussa  Stanlow  Ltd.)  was 
used  as  the  electrolyte. 
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Fig.  1.  The  impedance  diagrams  of  a  freshly  prepared  three-electrode 
lithium-sulphur  cell,  a  lithium  electrode  and  a  sulphur  electrode.  The  lithium  and 
sulphur  electrode  data  were  obtained  relative  to  the  reference  electrode. 

In  this  study  we  used  two-electrode  and  three-electrode 
sealed  stainless-steel  cells  with  plane-parallel  electrodes.  Porous 
polypropylene  Celgard  3501  (thickness  25  ±  1  |jim,  porosity  55%, 
Celgard  LLC)  was  used  alone  as  the  separator  (d  =  2.85  cm, 
area  =  6.38 cm2)  in  two-electrode  cells  and  together  with  non- 
woven  polypropylene  in  three-electrode  cells  (the  total  thickness 
of  the  Celgard  3501  and  polypropylene  was  1 00  ±  5  p,m,  d  =  2.85  cm, 
area  =  6.38  cm2). 

The  two-electrode  lithium-sulphur  cells  were  assembled  by 
stacking  a  lithium  foil  (d  =  2.55  cm,  area  =  5.10  cm2 ),  a  Celgard  3501 
polypropylene  separator  containing  1  M  UC104  in  sulfolane  and  a 
sulphur  electrode  (d  =  2.85  cm,  area  =  6.38  cm2 ). 

The  three-electrode  lithium-sulphur  cells  were  assembled  in  a 
similar  fashion,  however  a  reference  electrode  (area  ~  6  mm2)  was 
placed  between  the  Celgard  3501  polypropylene  separator  and  the 
non-woven  polypropylene  separator  such  that  it  did  not  shield 
the  working  (sulphur,  d=  1.07 cm,  area  =  3.60 cm2)  and  auxiliary 
(lithium,  d  =  2.85  cm,  area  =  6.38  cm2 )  electrodes. 

Electrolyte  preparation,  lithium  electrode  manufacture  and 
lithium-sulphur  cell  assembly  were  all  carried  out  in  an  argon  filled 
glove  box  (M.  Braun  GmbH,  Germany).  The  concentration  of  water 
and  oxygen  was  maintained  below  1  ppm. 

The  main  investigations  were  carried  out  in  the  two-electrode 
cells  because  they  better  simulate  the  real  lithium-sulphur  batter¬ 
ies. 

The  experiment  was  carried  out  in  the  following  way.  The  charge 
and  discharge  performances  of  the  assembled  cells  were  investi¬ 
gated  with  a  PG12-100  potentiostat  between  1.5  V  and  2.8  V.  The 
current  density  was  0.2  mAcrn-2.  A  sinusoidal  current  signal  was 
added  to  the  direct  current  to  measure  the  AC  impedance  of  the 
cell.  The  amplitude  of  the  current  signal  was  selected  in  order  that 
the  corresponding  voltage  amplitude  was  no  more  than  4  mV.  The 
response  was  analysed  using  a  Solatron  1250  frequency  response 
analyser.  The  AC  impedance  was  measured  over  a  frequency  range 
of  1  Hz  to  65  kHz.  A  sweep  was  automatically  performed  10-30 
times  at  selected  states  of  charge.  The  data  was  analysed  using 
a  model  circuit  derived  by  the  ZView  (Scribner  Associates,  Inc.) 
electrochemical  analysis  program  [7]. 

3.  Results  and  discussion 

Fig.  1  shows  the  impedance  diagram  of  the  three-electrode 
lithium-sulphur  cell  in  its  pre-cycled  state;  as  well  as  and  the 
impedance  diagrams  of  its  lithium  and  sulphur  electrodes.  The 
impedances  of  the  lithium  and  sulphur  electrodes  were  mea¬ 
sured  relative  to  a  reference  electrode;  hence  the  need  for  a 


three-electrode  cell.  The  impedance  diagrams  are  semicircles  with 
their  centres  below  the  X-axis  in  the  studied  frequency  range. 
The  impedance  diagram  of  the  lithium-sulphur  cell  is  the  sum 
of  the  impedance  diagrams  of  the  lithium  and  sulphur  electrodes. 
The  impedance  diagrams  associated  with  the  sulphur  and  lithium 
electrodes  are  similar  and  located  within  the  tested  frequency 
range.  This  fact  provides  evidence  that  the  impedance  diagrams 
of  the  lithium  and  sulphur  electrodes  reflect  the  behaviour  of 
similar  objects.  It  is  likely  that  the  impedance  diagram  of  the 
lithium-sulphur  cell  is  related  to  the  surface  layers  which  are 
formed  on  the  sulphur  and  lithium  electrodes. 

It  is  well  known  that  the  composition  of  the  surface  layer  on 
lithium  electrode,  or  solid-electrolyte  interphase  (SEI),  depends  on 
the  composition  of  the  electrolyte  system.  Before  cycling  and  dur¬ 
ing  several  initial  charge-discharge  cycles  the  primary  passivating 
film  on  the  surface  of  lithium  electrode  mainly  consists  of  the  prod¬ 
ucts  from  the  reaction  between  lithium  and  the  components  of 
electrolyte  systems.  During  the  cycling  of  lithium-sulphur  cells  the 
composition  of  the  SEI  on  the  surface  of  the  lithium  electrodes  are 
changing  because  of  the  inclusion  of  lithium  sulphide  (Li2S)  [8,9]. 
The  lithium  sulphide  is  formed  by  the  interfacial  reaction  between 
lithium  and  lithium  polysulphides  dissolved  in  the  electrolyte  (3). 
The  lithium  polysulphides  are  generated  during  the  discharge  and 
charge  of  the  lithium-sulphur  cells  as  a  result  of  the  reduction  of 
sulphur  and  the  oxidation  of  lithium  sulphide  [  1 0,1 1  ]. 

2/<Li  +  Li2Sn^/<Li2S  f  +  Li2Sn_k  (3) 

The  properties  of  the  sulphur  electrode  before  and  during 
cycling  are  different  [12].  It  is  well  known  that  the  sulphur  is 
sparingly  soluble  in  most  aprotic  solvents  [13].  Nevertheless  some 
sulphur  dissolves  in  the  electrolyte  and  is  then  it  adsorbed  onto 
the  surface  of  the  carbon  particles.  Thus  before  cycling  there  is  a 
layer  of  adsorbed  sulphur  on  the  surface  of  carbon  particles.  At  this 
electrode,  lithium  sulphide  is  precipitated  during  discharge  (4),  and 
sulphur-during  charge  (5): 

S„2“  +  2(n-k)Li+  +  2e“  -*  (n-k)U2S  ;  +  Sk2~  (4) 

Sn2-  -*■  nS  i  +  2ne~  (5) 

The  changes  in  the  composition  of  the  SEI  layer  on  the  lithium 
electrode,  and  the  formation  of  a  layer  of  solid  products  on  the 
surface  of  the  sulphur  electrode,  lead  to  significant  changes  in  the 
impedance  responses  as  the  cell  cycles  (Figs.  2-4). 

During  the  first  discharge  the  diameter  of  the  semicircle  in  the 
impedance  diagram  decreases  (Fig.  2a).  A  qualitative  change  of  the 
impedance  response  shape  is  also  observed  when  the  cell  reaches 
a  state  corresponding  to  the  middle  of  the  low-voltage  plateau 
(Fig.  2b).  The  low-frequency  feature  changes  into  a  straight  line 
with  a  slope  of  about  45°. 

The  dependences  of  the  impedance  diagrams  for  the 
lithium-sulphur  cell  on  the  depth  of  discharge  and  charge 
are  shown  in  Figs.  3  and  4,  respectively.  It  should  be  noted  that 
the  shapes  of  the  impedance  plots  during  the  first  discharge  cycle 
(Fig.  2a)  and  during  the  subsequent  cycles  (Figs.  3a  and  4a)  are 
different.  The  impedance  diagram  (Figs.  3a  and  4a)  consists  of  two 
regions.  The  shape  of  the  high-frequency  region  does  not  depend 
on  the  state  of  charge,  while  the  shape  of  the  low-frequency  region 
does  depend  on  the  state  of  charge.  At  the  initial  and  final  stages  of 
discharge  (Fig.  3a)  and  charge  (Fig.  4a),  the  low-frequency  regions 
of  the  impedance  diagram  are  seen  to  be  characteristic  of  diffusion 
limiting  processes,  whereas  at  intermediate  stages  of  charge  and 
discharge,  the  shape  of  the  low-frequency  impedance  diagram  is 
an  arc  from  a  single  semicircle. 

For  analysis  we  propose  two  equivalent  circuits,  correspond¬ 
ing  to  a  fully  charged  or  discharged  cell  (Fig.  5a)  and  a  cell  in  an 
intermediate  state  (Fig.  5b). 
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Fig.  2.  The  changes  in  the  impedance  response  as  a  function  of  the  depth  of  dis¬ 
charge  of  a  two-electrode  lithium-sulphur  cell  during  the  first  discharge  cycle  (a) 
and  the  discharge  curve  of  a  two-electrode  lithium-sulphur  cell  (b).  i  =  0.2  mA  cm-2 ; 
room  temperature;  1st  cycle.  The  markers  on  the  discharge  curve  correspond  to  the 
presented  impedance  diagrams. 


Fig.  4.  The  changes  in  the  impedance  response  as  a  function  of  the  depth  of  charge 
of  a  two-electrode  lithium-sulphur  cell  during  the  third  charge  cycle  (a)  and  the 
charge  curve  of  a  two-electrode  lithium-sulphur  cell  (b).  i  =  0.2  mA  cm-2 ;  room  tem¬ 
perature;  3rd  cycle.  The  markers  on  the  charge  curve  correspond  to  the  presented 
impedance  diagrams. 


Imaginary  part  of  impedance  /  Ohm  (a) 


The  electrolyte  resistance  (. Re\ )  is  determined  by  extrapolation 
of  the  Nyquist  plot  to  an  infinitely  large  frequency. 

We  assume  that  the  high-frequency  semicircle  defines  the  over¬ 
all  impedance  of  the  surface  layers  on  both  electrodes.  Therefore, 
the  resistance  of  the  surface  layers  (Rs i)  is  the  sum  of  resistances  of 
the  surface  layers  on  the  both  electrodes.  The  resistance  of  the  sur¬ 
face  layers  is  determined  from  the  diameter  of  the  high-frequency 
semicircle.  The  constant-phase  element  CPEsl  is  a  distributed  capac¬ 
ity  of  the  surface  layers. 

The  low-frequency  region  of  the  impedance  diagrams 
describes  the  electrochemical  reactions  on  the  sulphur  elec¬ 
trodes  [9,11,12,14].  The  resistance  Rer  is  determined  by  the  rate  of 


Fig.  3.  The  changes  in  the  impedance  response  as  a  function  of  the  depth  of  discharge 
of  a  two-electrode  lithium-sulphur  cell  during  the  second  discharge  cycle  (a)  and 
the  discharge  curve  of  a  two-electrode  lithium-sulphur  cell  (b).  i  =  0.2  mA cm-2; 
room  temperature;  2nd  cycle.  The  markers  on  the  discharge  curve  correspond  to 
the  presented  impedance  diagrams. 
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Fig.  5.  The  equivalent  circuits  corresponding  to  a  fully  charged  or  discharged 
lithium-sulphur  cell  (a)  and  a  lithium-sulphur  cell  in  an  intermediate  state  (b).  Re\\ 
resistance  of  electrolyte;  Rs\\  total  resistance  of  the  surface  layers  on  the  sulphur 
and  lithium  electrodes;  CPEsi:  distributed  capacitance  of  the  surface  layers  of  both 
the  sulphur  and  lithium  electrodes;  Rer\  resistance  to  charge  transfer  on  the  sulphur 
electrode;  CPEer:  a  double  layer  capacitance  distributed  on  the  surface  of  the  pores 
in  the  sulphur  electrode;  W:  the  Warburg  impedance. 
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Fig.  6.  The  dependences  of  the  electrolyte  resistance  (flei.  a),  the  resistance  of  the 
surface  layers  (Rsi,  b)  and  the  resistance  to  charge  transfer  ( Rer ,  b)  on  the  depth 
of  discharge  of  the  two-electrode  lithium-sulphur  cell  and  the  discharge  curve  of 
the  two-electrode  lithium-sulphur  cell  (c).  i  =  0.2  mA  cm-2 ;  room  temperature;  2nd 
cycle. 


electrochemical  reaction  on  the  sulphur  electrode.  These  reactions 
can  occur  with  diffusion  limitations  that  are  described  by  the 
Warburg  impedance  (W).  The  CPEer  represents  a  double  layer 
capacitance  formed  on  the  surface  of  the  sulphur  electrode. 


3. 1.  Discharge  of  lithium-sulphur  cell 

During  a  cell  discharge  the  electrolyte  resistance  (Kel)  has  a  max¬ 
imum  (Fig.  6a)  which  coincides  with  the  “potential  dip”  between 
high-voltage  and  low-voltage  plateaus  on  a  cell  discharge  curve 
(Fig.  6c).  This  maximum  corresponds  to  the  peak  in  concentra¬ 
tion  of  the  lithium  polysulphides  (Li2Sn)  in  the  electrolyte  solution. 
In  the  past  we  have  determined  that  the  viscosity  of  the  lithium 
polysulphides  solutions  increased  with  its  concentration.  Thus 
it  may  be  concluded  that  the  increase  in  electrolyte  resistance 
is  caused  by  the  increase  in  the  electrolyte  viscosity;  itself  due 
to  lithium  polysulphides  accumulation  within  the  bulk  of  the 
electrolyte.  The  subsequent  decrease  of  electrolyte  resistance  is 
related  to  the  decrease  in  the  concentration  of  lithium  polysul¬ 
phides  as  a  result  of  their  reduction  during  the  further  discharge 


of  the  lithium-sulphur  cell  (6): 

Li2Sn  +  2 (n  -  1  )Li+  +  2 (n  -  1  )e_  -*  nLi2S  f  (6) 

The  total  resistance  of  the  surface  layers  on  both  the  sulphur 
and  lithium  electrodes  ( Rs\ )  is  an  S-type  curve  (Fig.  6b)  where  the 
maximum  resistance  coincides  with  the  maximum  resistance  of  the 
similar  electrolyte  resistance  curve  (Re\,  Fig.  6a).  The  measurements 
carried  out  using  a  three-electrode  cell  show  that  the  maxima  in  ftel 
are  observed  for  both  lithium  and  sulphur  electrodes.  It  should  be 
noted  that  these  maxima  are  less  clearly  defined  in  the  measure¬ 
ments  made  using  the  three-electrode  cell  than  for  those  in  the 
two-electrode  cell. 

As  mentioned  above,  the  passivating  surface  film  is  generated  in 
lithium  polysulphides  solutions  because  of  the  interfacial  reaction 
between  lithium  and  lithium  polysulphides  (3).  This  film  mainly 
consists  of  lithium  sulphide.  As  long  as  Li2S  is  known  to  be  non- 
conductive,  the  conductivity  of  the  passivating  film  is  likely  to  be 
dependant  on  the  conductivity  of  the  electrolyte  present  in  the 
pores  of  the  Li2S  film.  If  this  hypothesis  is  correct,  then  the  rea¬ 
son  for  the  maximum,  present  in  the  resistance  curve  {Rsh  Fig.  6b), 
is  the  dependence  of  the  surface  film  morphology  on  the  depth 
of  cell  discharge  (and  hence  lithium  polysulphides  concentration). 
Although  it  may  also  be  due  to  the  increase  in  electrolyte  viscosity, 
during  the  first  step  of  the  lithium-sulphur  cell  discharge. 

The  thickness  of  the  lithium  sulphide  film  on  the  surface  of 
the  lithium  electrode  is  determined  by  the  rates  of  formation  and 
dissolution  of  Li2S.  The  concentration  of  lithium  polysulphides  in 
the  electrolyte  gradually  decreases  during  discharge.  As  long-chain 
lithium  polysulphides  are  involved  in  the  re-dissolution  of  the 
Li2S  film,  their  disappearance,  together  with  the  continued  pro¬ 
duction  of  Li2S  results  in  an  increase  in  film  thickness.  Therefore 
the  increase  in  the  resistance  of  the  surface  layers  {Rs\,  Fig.  6b)  is 
caused  by  the  increase  in  thickness  of  the  passivating  film.  The  rate 
at  which  the  film  dissolves  decreases  as  the  concentration  of  long- 
chain  lithium  polysulphides  in  the  electrolyte  decreases  during  the 
discharge  process. 

The  maximum  in  the  resistance  of  the  surface  layer  on  the  sul¬ 
phur  electrode  {Rsh  Fig.  6b)  corresponds  to  the  maximum  of  the 
electrolyte  resistance  (Re Fig.  6b)  and  it  is  caused  by  transport  diffi¬ 
culties  due  to  the  accumulation  of  long-chain  lithium  poly  sulphides 
in  the  micropores  of  the  electrode. 

The  resistance  to  charge  transfer  on  the  sulphur  electrode  (Re r) 
can  be  seen  to  be  constant  until  approximately  half  way  through 
the  discharge  curve,  and  then  it  rapidly  increases  (Fig.  6b).  We 
were  unable  to  calculate  Re r  at  deep  states  of  discharge  due  to  the 
rapid  increase  in  the  semicircle  radius  corresponding  to  the  electro¬ 
chemical  reactions.  Only  a  small  part  of  the  low-frequency  arc  was 
observed  in  the  measurable  frequency  range.  This  curve  could  be 
interpreted,  either  as  the  beginning  of  a  diffusion  branch  or  as  the 
beginning  of  a  semicircle.  Therefore,  it  was  impossible  to  treat  this 
as  part  of  the  impedance  diagram.  To  solve  this  problem,  we  sug¬ 
gest  the  frequency  range  could  be  extended  by  one  or  more  orders 
of  magnitude  into  the  low-frequency  area.  However,  in  this  case 
the  time  period  of  the  AC  current  used  to  measure  the  impedance 
spectrum  is  comparable  with  the  time  required  for  full  discharge 
of  the  cell. 

It  is  more  likely  that  the  initial  low  value  of  Rer  is  caused  by  the 
high  rate  of  the  electrochemical  reduction  of  sulphur.  The  increase 
of  Rer  indicates  the  decrease  of  the  rate  of  the  reduction  of  lithium 
polysulphides  (4).  This  is  due  to  the  decrease  of  average  polysul¬ 
phide  degree  as  the  cell  discharges. 

3.2.  Charge  of  lithium-sulphur  cell 

The  form  of  the  curves  showing  the  dependence  of  electrolyte 
resistance  on  the  depth  of  charge  (Kel,  Fig.  7a)  and  the  depth  of 
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Fig.  7.  The  dependences  of  the  electrolyte  resistance  (Rei.  a),  the  resistance  of  the 
surface  layers  (Rs i,  b)  and  the  resistance  to  charge  transfer  ( Rer ,  b)  on  the  depth  of 
charge  of  the  two-electrode  lithium-sulphur  cell  and  the  charge  curve  of  the  two- 
electrode  lithium-sulphur  cell  (c).  i  =  0.2  mAcm-2;  room  temperature;  3rd  cycle. 

discharge  (Re i,  Fig.  6a)  are  similar.  The  position  of  the  maximum 
on  these  curves  corresponds  to  the  cell  state  with  maximum  elec¬ 
trolyte  viscosity. 

The  curves  corresponding  to  the  resistance  of  the  surface  lay¬ 
ers  ( Rsi )  and  the  resistance  of  charge  transfer  ( Rer )  during  charge 
(Fig.  7b)  have  the  S-shape.  An  initial  decrease  in  Rsl  and  Rer  is  likely 
to  be  caused  by  the  dissolution  of  lithium  sulphide  from  the  surface 
of  the  electrodes  due  to  its  reaction  with  long-chain  lithium  poly¬ 
sulphides  (7)  [4]  and  its  electrochemical  oxidation  on  the  sulphur 
electrode  (2): 

Li2S  +  Li2Sn  Li2S/< +  Li2Sn_k+1 


The  next  increase  in  the  resistance  of  the  surface  layers  ( Rs\ ) 
is  most  probably  due  to  the  decrease  in  the  conductivity  of  the 
electrolyte,  located  in  the  porous  surface  layers  of  the  lithium 
and  sulphur  electrodes.  The  decrease  in  the  electroconductiv¬ 
ity  of  the  electrolyte  is  caused  by  the  dissolution  of  the  lithium 
polysulphides,  formed  at  the  beginning  of  discharge.  As  lithium 
polysulphides  accumulate  in  the  electrolyte,  in  the  porous  sur¬ 
face  layers,  the  resistance  of  these  layers  increases.  The  subsequent 
decrease  of  Rs\  is  due  to  the  increase  in  the  conductivity  of 
the  electrolyte;  itself  caused  by  the  decrease  in  Li2Sn  concentra¬ 
tion. 

The  resistance-capacity  plot  for  charge  transfer  (fter)  during 
charging  is  similar  to  the  resistance-capacity  plot  for  the  sur¬ 
face  layers  ( Rs\ ),  Fig.  7b.  As  the  resistance  of  the  surface  layers 
is  determined  by  the  resistance  of  the  electrolyte  located  in 
their  pores,  this  similarity  indicates  that  the  electrochemical  pro¬ 
cesses  which  occur  during  the  charging  of  a  lithium-sulphur  cell 
are  controlled  by  the  transport  properties  of  the  electrolyte  sys¬ 
tem. 

4.  Conclusions 

Impedance  measurements  made  on  lithium-sulphur  cells,  dur¬ 
ing  cycling,  show  that  the  conductivity  of  the  electrolyte  changes 
because  of  the  dissolution  of  lithium  polysulphides.  The  properties 
of  the  electrolyte  significantly  influence  the  rates  of  the  electro¬ 
chemical  processes  which  occur  both  on  the  sulphur  and  lithium 
electrodes. 
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